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A. PURPOSE

The series of investigations reported herein were aimed
at galning physical understanding of certaln transport processes
of importance in electrochemical systems, and particularly in
energy conversion and storage devices. Empha.is was placed
on the elucidation of the effect of hydrodynamic conditions on
the maximum feasible rates of anodic and cathodic processes;
and on the clarification of the role of diffusion and migratlion
of reacting specles on the distribution of current along elec-
trode surfaccs. Further, the relatlonshlips among the various
transport propertles were investigated, with the purpose of
developing techniques for the application of avallable trans-
port data to electrochemical systems of practical significance.

several distinct projects were pursued simultaneously,
each of them representing a Master of Science or Doctor of
Philosophy thesis subject.

Projects completed:

I. Current distribution at a gas-electrolyte-electrode

interface.

II. Ionic mass transport in channels by combirned free

and forced convection.

III. The role of ionic migratlion in electrolytic mass

transport.

IvV. Mass tran. in concentrated blnary electrolytes:

a method for the prediction of lonic mobllitles.
V. The solubility and diffusivity of oxygen in aqueous
KOH.

e e s s T e e TR = e R s g e S
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Section A. Page 2.

Projects initiated under this contract, and continued

averr the termination date under new sponsorship:*

VI. Ionic mass transport and current dis:ribution in
channels in high velocity flow.

VII. Ceneralized method for the evaluatlon of transport

propertles in concentrated electrolytes.

*
Under the sponsorship of the Inorganic Materials Researeh

Division of the Lawrence Radiation Lapboratory, Berkeley.
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n, ABSTRACT

Project I.: Current Distribution at a Gas-Electrode-Electro-

lyte In*erface.

The variatlon of current density along a cylindrical,
partially immersed electrode relative to the position of the
apparent or intrinsic menlscus has been measured as a function
of total applied current. Measurements of current distribution
are reported for the cathodic reduction of 02 gas in aqueous
KOH electrolyte on sectioned N1 and Ag electrodes. A thin film
of electrolyte was observed to exist above the intrinsic menis-
cus. It was found %that the charge transfer which takes place
at the electrode electrolyte surface occurs almost totally
above the bottom of the intrinsic meniscus, and that a large
portion of this charge transfer occurs in the thin film as
high as 1 to S millimeters above the top of the intrinsic
meniscus. However, for high total currents the relative por-
tion of current at large distances above the intrinsic menis-
cus decreases while near the intrinsic meniscus it lncreases.
On nickel the current was more uniformly distributed into the
upper areas of the thin film than on silver.

A mathematical model 1s presented which takes into account
diffusion and migration of relevant substances and the solu-

billity of oxygen in the electrolyte. The model accounts for

il
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3Jection 3. Page 4.

the concentration dependence of transport propertlies. A com-
narison of the theoretical and experimental results indicates
that the current density distribution 1s controlled by a

balance between charge transfer overpotential and ohmic ~esls-

tence drop in the electrolytic film.

Project II.: TIonic Mass Transport by Combined Free and Forced

»*
Convection.

The effects of buoyancy forces on ionic mass transfer at
horizontal planar electrodes were studied experimentally with
both laminar and turbulent bulk flow. Copper cathodes and
an acifidied cupric sulfate electrolyte were used to obtain
mass transfer data by the limiting current technique in the
ranges of parameters:

10° < Gr (Grashof Number) < 10

12
75 < Re (Reynolds Number) < 7,000

600 < S2 (Schmidt Number) < 12,000
0.05 <A% (duct diam/electrode length) < 20

40 < Nu.Sh (Nusselt Sherwood Number) < 1,500
With turbulent bulk flow, buoyancy forces were found
to have a negligible effact on the mass transfer process
in the range of variables covereaq.
With laminar bulk flow, buoyancy forces can lnduce free
: convactive secondary flows near the electrode interface. If
iog (Gr > 2.96 + log (Re), the process 1s dcminated by free

convection, and the equation of Fenech and Toblas,

This project was sponsored by the Lawrence Radlation Labora-
tory up to March 1961; by NOL-Corona (Contract No. N123
(6738)17178A) to April 1962.
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/7
Ne' = 0.19 {Gr.Sc)

may be used to predict average mass transfer coefficient.
Otherwlse, forced convection dominates, and the equation of
Norrls and Streld,
Nu' = 1.85 (Re.Sc.%)l/s,
yilelds acceptable prediction of the experimental data. The
average deviation of all the data from the appropriate corre-
lations was less than 17%.

The variation of local mass transfer coefflclents paral-

lel and normal to the direction of flow may be explalned by

consldering the interaction of the two modes of convection.

Project III.: Tiie Role of Ionic Migration in Electrolytic

Mags Transport; Diffusivities of [Fe(CN)6]5"
an¢ [Fe(CON),]*™ in KOH and NaOH Soiutions.

The role of migration in lonic mass transport 1s dis-
cussed, and a rigorous method 1s presented for the evaluatlon
of the contribution of migration when a constant potential
gradient can be assumed to exlst in the mass transfer boundary
layer.

The influence of supporting electrolytes 1s shown to
depend on the relative mobllities of all ionic specles present
in the solution.

Theore :al results are applied to the K3[Fe(CN)6] -

K [Fe(CN)G] - KOH or NaOH systems. Limiting currents were

4
measured by a rotating disk electrode, and the apparent diffu-

givities calculated from these measurements were corrected
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taking into account the influence of the presence of noareacting
lonic species. It i1s shown that the corrected product, Du,

1s censtant over a large range of concentrations

r [Fe(CN)G]S', 2.40 x lO'lo(cmz/scc) poise/°K

D
T
for [Fe(CN)6]4-, %#- 2.02 x 10'10(cm2/sec) poise /°K.

Project IV.: Mass Transfer in Concentrated Blnary Electrolytes.

For a multicomponent system the diffusion law
can be expressed in the form
cyc
¢ Vi, = RT }: Ay, - zi),

CmDy 1 '
T1
i J

where |y, 1s the electrochemical potential and vy the average

11 is a diffusion coeificient .
oJ

accounting for the interaction between specles i1 and J. This

velocity of species 1 and »

alffusion law 1is self-consistent and can ke used to develnp
equations in a form useful for electrochemical transport
problems.

It 1s suggested that the concentration and temperature
dependence for ion-solvent interactions 1s described by

uo,, = KT/A,

and for ion-ion interactions is
= k7 |¥YC
up, _ = kT \/;T/G
where U i1s the viscoslty and A and G are approximately constant. »
Project V.: The Solubllity and Diffusion Coefficient of Oxy-

gen in KOH.

The solubllity of oxygen 1n aqueous KOH solutlions has
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been measured by a Van Slyke apparatus and by an absorption
technique developed by Hildebrand. In the range of concentra-
tion of KOH between 0 and 12 N, at 25°C, the two methods
yielded identical results:

log S = .1746 C + log 1.26 x 1072
where .1746 1s the solubllity coefficient, S = solublility of
oxygen, gram-moles per liter, and C = concentration of KOH,
gram-mcles per liter. The solubllity was found toc decrease
with increasing temperature, in dilute solutions, and to in-
crease wlth temperature in concentrations of KCH higher than
8.25 normal.

Diffusion coefficlents of oxygen in aqueous KOH were
evaluated from the limiting current of oxygen on a rotating
disk electrode, and also by a stagnant tube technique similar
to that used by von Stackelberg. The diffusivity drops sharply
with increasing KOH concentration, and increases with tempera-
ture. At 25°C ani concentrations higher than 2N KOH, the
product of the diffusivity and the viscosity is constant:

Dp = 1.30 x 1077 gram-cm

where D is the diffusivity, cmz/sec, and 4 1s the viscosity
in poise. At 60°C the value of this product is
Du = 1.88 x 1077 gram-cm

and 1s constant for concentrations higher than 1 mole /liter.
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Project VI: TJTonic Mass Transport and Current Distribution

in Channels at High Velocity ™.ow.

As a tool for extended and refined investigations into the
nature of superimposed free and forced convective mass transfer
at electrodes, a combination of a high-capacity liquid circula-
tion loop, a controlled current source and an electric measure-
ment system has been deslgned and constructed.

The certral element, the electrode flow cell, consists of
a rectangular channel of 15 by 2 c¢m cross-section containing
40 cm long plane parallel electrrdes of 600 cm2 area, each,
separated by a porous diaphragm. Alternatively, 3 flow cell of
5 by 2 cm cross-section conta’ning two electrodes of 180 cm2 area,
each, can be used. The cathodes are divided into insulated,
coplanar sections which allows measurements in axiai or lateral
directions. The electrolyte circulation system can provide 1
linear velocities along the electrodes of up to 450 cm/sec¢, cor-
responding to Re = 70,000. Special attention has been given to
the design of the inlet section of the flow cell.

A regulated d.c. power combired with a linear current ranp
generator has been designed and constructed. This source can
provide any current maximum up to 100 amp 1n a preset time range,
between 1 and 20 minutes. The section current measuring device
has been modified to ensure equipotential conditions at the
cathode, within %1 mV.

The electric measurement system allows simultaneous record-

ing of total current, sectional current densitles, local
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reference electrnde potentials and electrolyte flow rate.
The entire cell system, power supply and measuring cir-
cultry 1s presently subjected to extensive calibration and

evaluation procedures.

Project VIIt Transport Properties of Cor.centrated Electrolytic

Solutlons.

Avallable data on transport properties of binary electro-
lytes have been used ioc ecalculate DiJ coefficlents as defined
by Mewnan, Bennion, and Tobias. The concentration dependence
of conductivities of various systems corrected for viscosity
Indicates that the development of a more generally useful method
for:the predlction of transport vroperties in binary and mul-
tlcomponent systemsg requires more reliable and more extensive
data on diffusion coefficients,

Of the posslble methods of measuring diffusivities, the
rotating disk clectrode and a new type of restricted diffusion
cell which uses interfzrometry for the detectioun of concentra-
tlon gradlents are shown to be most promlsing for obtalning
preclse data because 1t is possible to Interpret the measure-
ments with rigorous mathematical analysis. Therefore anr im-
proved rotating disk apparatus (see Projeet III) and a modi-
fl=d restricted diffusion cell with optical measurements which

are applicable to concentration solutions are presently under

development.

R

%

R T s,




BLANK PAGE



AETRRTA

Section C. Page 11

¢. LECTURES, CONFERENCES AND REPORTS

1. Iectures:
Tobias, C. W. "The Solubility and Diffusion Coefficlent of
Oxygen in KOH"; contribution to the discussion

of oxygen electrodes, on the Sixth Advisory

Group for Aeronautical Rusearch and Development

Combustion and Precpulsfon Collogquium, cannes,
France, Marcn 15-18, 1S064.
Tobias, C. W. "Convective Mass Transport in Electrolytes";

Symposium on Mass Transport in Electrocnemical

L]

Processes, a keynote address at the 125th

National Meeting of The Electrochemlical Soclety,
Toronto, Canada, May 3-7, 1964.

Newman, J. S. "The Flow of Charge and Mass Through an Agi-
tated Electrolyte"; Symposium on Mass Trans-
port in Electrochemical Processes at the 125th
Natlonal Meeting of The Electrochemical Society,
Toronto, Canada, May 4-7, 1964.

Bennion, D. N. "Current Distribution at a Gas-Electrode-
Electrolyte Interface"; Symposium on Fuel Cells
at the 126th Meeting of The Electrochemical
Society, Washington, D.C., October 11-14, 1964.

Hickman, R. G. "The Effect of Buoyancy Forces on Forced Con-
vection Ionic Mass Transfer at Horizontai

Eler crodes"; Symposium on Mechanism of Electro-
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deposition at 176tt 'eeting of The Electro-
chemicai Soclety, Washington, D. C., October

11-14, 1904.

2. Conferences:

June 23, 1962 - Fort Monmouth, New Jersey.

Organization represented: U.S. Army Electronics Re-
gearch and Development Laboratorles; Department of
Chemical Engineering, University of California, Berkeley.
The meeting was held to review the status and future
plans for this research program.

April 17, 1963 - Fort Monmouth, New Jersey.

Organizations represented: U.S. Army Electronics Re-
seasrch and Development Laboratories; Department of
Chemical Engineering (Charles W. Tobias), University of
Caliiornia, Berkeley. The meetling was held to review
the status and future plans for this research program.

August 20-21, 1963 - University of California, Berkeley.
Organizations participating: U.S. Army Electronlcs Re-
search and Development Laboratories (Mr. John Murphy);
Department of Zhemical Engineering, University of Cali-
fornia, Berkeley.

August 6, 1964 - University of California, Berkeley.
Organizations participating: U.S. Army Electronics Re-
search and Development Laboratories {Mr. John Murphy);
Department of Chemical Englineering, University of Cali-

fornia, Berkeley.
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3. Reports:

Quarterly letter reports:

Report No. 1 - 30 June 1962

Report No. 2 - 30 3September 1962
Report No. 3 - 31 December 1962
Report No. 4 - 31 March 1963
Report No. 5 - 30 June 1963
Report No. 6 - 30 September 1963

Report No. 7 - 31 December 1963

Report No. 8 - 31 March 1964

Report No. 9 - 30 June 1964

Report No. 10 - 30 September 1954

Report No. 11 - 31 December 1964

Report No. 12 - 31 March 1965.

Technical Reports:

Report No. 1. "Investigation of Ionlc Diffu-
sion and Migration by a Rotating Disk Electrode", by
Stanley L. Gordon (M.S. Thesis), issued May 15, 1963.

‘Report No. 2. "The Effect of Buoyancy Forces
on Forced Convecvion Ionic Mass Transfer at Horizontal
Planar Electrodes", by Robert G. Hickman (Ph.D. Thesis),
1ssued December 1, 1963.

Report No. 3. '"Phenomena at a Gas-Electrode-
Electrolyte Interface", by douglas N. Bennion (Ph.D. Thesls)

issued June 1, 1964.
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Publications:

The results of investigations under thls contract have not
as yet been puvlished in the open scientific literature.
Papers with contents closely similar to the deascriptions of
projects, will be submitted tc Journals following the

issuance of this report.
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PROJECT I.
Current Distrihution at a Gas -
Electrode-Electrolyte Interface

a) Experimental Treatment

Introduction

Many of the possible fuels and oxidants proposed for use
in fuei cells are gases. To galn an understanding of elec-
trodes irnoliving gase.us reactants, anaiysis of transport
ph2nomena at gas-electrcde-electrolyte interfaces 1s necessary.
Various stuciles of porous media involving only electrode-
electrolyte interfaces have been presented recentlyl’2’3’4.
The presence of a gas phase provides additional probiems which
are to be considerad here.

Porous electrodes are used to increase the reaction area
per unit voiume and, in the case of gaseous reactants, to pro-
vide separation between gas and electrolyte. In such =lec-
trodes, many simultaneous and ccrisecutive processes occur,
and the nature and exftent of the actual reaction area within
the pores 1is not well defined or understood. A plarne elec-
trode partially immersed in an electrolytic solution offers
a simpler system for studying the behavior of gus electrode-
electrolyte interfaces.

In 1957 Wagner5 suggested that a thin film of electrolyte

might exlst above the visible meniscus on the surface »f a

partially _mmersed electrode. From his calculations it




j
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appear2d us 1f the electrode surface contacting tnis thin
film might contribute appreciably to the charge transfer reac-
tion.

Weber, Melssner, and Sama6 performed experiments using
an oxygen cathode to study the reaction rate distribution.
They did not consider the possibillty of a thin film above the
intrinsic or readlly visible menlscus, and copper oxide
formation may have influenced their experimental results.

W1117’8 has performec¢ experiments with a hydrogen, sul-
furic acld, and platinum system. For a give applied over-
potential, he observed the varlation in current with the
length of platinum extending above the ligqulid level of the
electrolytic solution. Will concluded that a thin film did
exist above the 1ntrinslic meniscus ani that most of the
current was transferred into the film 1n a narrow region
adjacent to the upper edge of the menliscus. He zlso showed
that surface migration of hydrogen along the platinum was
not a significant modc of mass transfer. Diffusion of hydro-
gen through the film was determined to be the rate controlling
step. Thilis was the first really definitive experimen. to show
the role of thin electrolyte films. However, as the platinum
electrode was extended further and further out of the electro-
iyte, new area on which an electrolyte f1lm could exlist was
produced. Thus, the f1lm geometry and resulting current
distribution changed during the course of an cxperiment.

Qur work has been undertaken to obtaln a wmore quantita-

tive descripticn of the reaction rate dlstribution and to
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inveatigate the role of the thin fllm durlng oxygen reduction.
For the experimental work, oxygen gas, aqueous 3.5 molar KOH,
and elther nickel or silver electrodes were chosen.

Experimental Equipment and Procedures

The objective was to measure the varlation of current
density along a partially immersed electrode reiative to the
bulk electrolyte sﬁrface. In order to accompllish this,
sectioned electrodes9 were employed. The sections must be
ingulated electrically from cne another, and the insulating
separators should no’ significantly disturb the geometry of
the thin liguid rilm on the surface of the electrode. Also,
the sections of the metal electrode must be at the same
I "=ntial.

In order to satisfy these requirements as closely as
rossible, only two sectlons and a single separation were
used (se2e Figure 1). With this apprcach, the variation in
the current from each sectlon could be measured as a function
of ihe distance, AL, of the bulk electrolyte level below the
separation (see Figure 1). The sur of the two currents
equals “he total; therefore, only ore of the currents is
Indepenceat. In order to compare the results of different
total currents mor: easily, the percert current out of the
top section, defined as %C.0.T. = (Current out top section)
(10C) /Total Currenc), was used as the independent variavle.

The experimental procedure 1involved determination of
the %C.0.T. as a function of AL at various total currents

on nickel and silver electrodes. To determine the actual
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current density variation one plots the #C.0.T. vs. AL and
takes the slope of this curve. The slope at a glven value of
AL, in cm-l, times the applied current, I in pA/cm, gives the
transfer current cdensity at a helght AL above the electrolyte
level. The readings were consistent to within 3% for a
single run except at the liwest current leve.., when varia-
tions up to 10% of the measured current were inherent in

the circult design.

To avold edge effects a cvlirdrical electrnde was used.
The working length of the electrode was approximately 12 cm;
tnl was found to be long enough to avold appreciable end
effects at the top and bottom. The electrode was constructed
using a cylindrical plexiglass spindle over which two cylin-
ders of nickel® (or silver ") were slipped (see Figure 2).
These were separated rv a thin "gasket" made from a sheet of
oriented polystyrene 25 microns thick. Thils thickness was
necessary to insure that no metallic electrical conna2ction
occurred between the two sectlons.

In order to avold the possibllity of systematic errors
and to confirm the reproducitlility of the data, 2 different
silver cells and 5 separate nickel cells were bullt. The
procedures in constructing the separations in the working
electrodes (such as rounding the corners of the electrode

where 1t contacts the insulating jacket) were modified

The nickel was 99.5% pure. The principal impurities
were Mn and Fe.

¥* *
The silver was 99.95% pure.
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slightly to see if the results were atfected. No effects

on the results were noted from these changes. For one of

the silver electrodes, runs were also made with the 25 micron
thick polystyrene gasket replaced by a separator made from
filter paper approximately 70 microns thick. This was done
to check the results for any dependence on the nature of the
material used as the separator.

The cell consisted of two cylindrical compartments as
sihown in Figure 2. The cylindrical electrode spindle des-
cribed above was screwed into the left-hand compartment.

In the right-hand compartment, nickel screens ce:rved as the
couriter electrode. The reaction at the working electrode was

O, + 2Hy0 + 4™ = 40H™.

The reaction at the counter electrode was Jjust the reverse
of the above reactlon. The reactions were driven externally
by a constant current power supply.*

The two compartments mentloned above were counnected to
a storage reservolr, not shown in F’zure 2. By carelully
adjusting the helight of the storage reservolr, the liquid
level in the cell compartm.nts couid be accurately adjusted.
The value of AL was determined by measuring the helght of
the bulk liquid and the helght of the separation, to (.05 um,
using a cathometer.

The electrolyte entered the working electrode compart-

ment through radlal holes drilled in the lower part of the

Electronics Measurements, Inc., Constant Current Power
Supply, Model C612.
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plexiglass spindle. This provided for an axially symmetric
electric fleld. To align the electric fileld more nearly
parallel to the electrode and to reduce convection effecrts,
a precision-bore glass tube was placed over the electrodc
as shown in Figure 2. The bulk electrolyte was confined

in an annular space about 1 mm wide. The bottom of the
meniscus was used as the reference level for measuring AL.
The distance from tr.e bottom of the meniscus to the top of the
apparent or "intrinsic" meniscus was in the range of 0.6 -
1.1 mm. The electrolyte in the cell outside the Jacket did
not participate in the reaction and need not be considered.

Convection currents in the electrolyte below the menis-
cus would tend to give abnormally high carrents from the
bottom section. Tha glass Jjacket which conflined the elec-
trolyte next to the elszctrede in an annular region reduced
this effect. Smaller spacing would have reduced the proba-
bility of convection furtherlo, but this would have caused
varlations in the annular space. The value chosen was con-
sidered to be a suiltable compromise.

The readings were sensitive to the surface conditions
of the electrodes. If any oxlde formed on either the nickel
or silver electrodes, the results were not reproducible.
Care was always taken that, following poliishing®, the elec-

trode was immediately placed in the cell ard cathodically

*
Of the various polishing compour is, "Flow-five" aluminum

oxid; proved to be the most satisfactory.
Although the roughness of gurfaces was different depending

on the polishing compounds used, no significant differences
in the pattern of current distribution resulted.

St : R g S k=

-
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polarized tc prevent oxlde formation. The current was in-
creased tc approximately 200 ma ylelding vigorous hydrogen
evolution. During the 24-48 hour cleaning period, the
electrolyte was changed each 2-5 hours. The cleanliness

of the surface was considered satisfactory when, upon lowering
the electrode level, the surface remained uniformly wetted.

Elec*rolytic contact was made to a Hg, HgO reference
electrode through a hoi: drilled lengthwlse down the spindle
and out through a small hole at the bottom of the metal elec-
trodell. Electrical connection to the bottom secticn of
the electrode was made with a nickel rod down a hole in the
spindle. A stailriless stell screw went through the electrode
and was threaded into the nickel rod. The electrical connec-
tion to the top section was made by a nickel plate in the
bottom of the cap. When the cap was screwed down, the nickel
plate pressed down on the upver electrode section and completed
the contact. The resistances due t» these connections were
less than 0.1 ohm.

Fflgure 3 shows a schematlic drawing of the electrical
circuit. Before the measurements were started, the variable
resistors* were set at zero; the two electrode sections were
then shorted togather and thus were at the same potential.
When measurements were to be made, the resistances were in-
creased untll a measurable voltage drop** was obtalned. When

properly adjusted, the potential drop across each resistor
»*

General Radlo type 1432-U or 1432-K decade resistance
boxes were used.

¥ This voltage drop was measur..’ using a Kelthly Model
149 milli-microvoltmeter.




Section D., Project I, part a) Page 23.

was equal. As small a voltage drop as practlical was used

so that errors in balancing wou'd be negligible. These poten-
tial differences varied between 10 and 1000 microvclts for

the lowest and highest total appiied currents. From the
voltage drop and the known resistance, the current from each
section could be calculated. The potentlal of the worklng
electrode with respect to the Hg, HgO reference cell was
measured with an electrometer*.

The start-up procedure was to refill the cell with 3.5
molar KOH, begin bleeding in O2 saturated with water with
respect to 3.5 molar KOH, and to set the total current at a
fixed level. The liquld level was then lowered to below the
lowest value of AL desired. The cell was left for about 15
hours to allow the liquid film to drain and reach an equili-
brium thickness. The level was next ralsed a small distance
and a set of readings taken. After each set of readings,
the level was ralsed again and in thlis manner a series of
readings for different values of AL were obtalned. Observa-
tions were made at thirty-minute intervals which was suffl-
clent to allow steady state condltions to prevail during
readings. At each elcctrolyte level the value of %C.0.T.
could easlly be calculated.

Experimental Results

Exploratory experlmentse showed12 that sl'.ortly after the

electrolyte level was lowered, a thin electrolyte film was left

Kelthly Model 610R electrometer was used here. Its
internal resistance 1s rated at 1C14 ohms or greater.
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behind on the exposed electrode, the fraction of current from
the upper section was very high tut that 1t dropped off with
time. Thils decrease with time continued for up te 90 hours,
after which a steady state value remalned as long as the run
wag continued, for several more days in some cases. This
behavior was attributed to the draining of the electrolytic
film which was 1nitially thick but became thinner as draining
progressed. Thicker films have a small resistance and thus
tend To allow penetration of the current higher into the film.

Simple optical observatlions were made 1n an attempt to
observe the film and determine its thickness by light inter-
ference techniques. The exlistence of the film was confirmed
by the observation of weak interference colors when white
incident light was used and by the observation of a "wake"
when a small corner of tissue paper was drawn over the sur-
face. Quantitative measurements of the film thickness were
beyond the scope of this work. Mﬁllerl3 has made a detailled
investigation of the optical properties of thin electrolytlic
filus on nickel electrodes and found that 1n the range of
2 to 5 mm above the mehiscus the fi1lm thickness 1s in the
order of 1 micron for 3.5 molar KOH.

Plots showing %C.0.T. as a function of AL are shown in
Flgures 4, 5, and 6 for 4.84, 15.4, and 48.4 MA /cm applied
current, respectively. Flgure 7 shows She observed depen-
dence of the electrode potential on the applied current.

A feature to be noted 1s that at higher currents the

reaction tends to be concentrated nearer the top of thne
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intrinsic meniscus. A comparison of the results for equal
app'ied currents shows that the reaction on nickel spreads
more into the film than c¢n silver.

One of the requirements of the sectioned electrode was
that the separation should not disrupt the film. This becomes
especially important when it 1is realized that the film is
about 1 micron thick and the separation is 25 microns wide.
Such a wide gasket obviously causes some distrotion. The
distortion can be broken down into three categories as follows:

1) Assume that the insulating gasket is perfectly flush
with the metal surface and that the film thickness does not
vary. The only error from such an ideal situation results
from no electrode reaction occurring along the insulating
section. Tnls inactive length of the film will act as an
"unnatural” resistance. If this occurs near the bottom of the
f1lm where the current migh% reach 100 pA/cm as a maximum
and if the film is one micron th!.x, tne "unnatural" resis-
tance will cause a potential drop of 4.2 millivolts. This
compares to a total potential drop 1n the film of about 140
millivolts.

2) Referring to case 1), the net effect of the separa-
tion might be such thoet the film appears to be thicker as
it passes the separation. For th!s situation, the "unnatural"
resistance wlll be lowered, and tie error will be less than
for case 1).

3) The situation might also be an effective thinning of

the film as 1t passes the separation. At worst, this thinning
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wlll occur along the full length of the separatlion. A thinning
of this type, for example, to one-fourth of the normal thlck-
ness, will increase the "unnatural" resistance so that,

using the example of case 1), the added potential drop would

be 19 mlllivolts. Such an added potential drop would cause

a shift in the results, such that less current would pass to
the upper section than on an uninterrupted surface.

The reproducibllity of the data was confirmed by using
different cells of slightly modified design. Similarly, no
change 1n the results was detecied by replacing the 25 micron-
thick polystyrene separator with a 70 micron thickseparator
made from filter paper (see Figures 5 and 6).

From these observations 1t 1s concluded that the film on
the separator was not significantly thinner than on the ad-
Jacent metal surfaces, and therefore, the maximum crror in
the current out the tope, due to the rresence of the separa-
tor, 1s estimated to be 3%.

Discussion

These experiments have confirmed that a stable, thin
film of electrolyte adheres to the electrode surface above
the top of the intrinsic meniscus. A large part of the reac-
tion takes place on the surface of the electrode exposed to
this film. The reactlion rate drops off very rapidly within
the visible meniscus and 1s very small along the electrode
aree. exposed to the bulk electrolyte. The obvious reason
for the decrease in reaction rate in the bulk electrolyte 1is

mas3 transport limitation of the molecular oxygen. However,
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the controlling feature in the tiim region can arise from two
source:.

7,8 concluded that the rate limiting step was the

Will
mass transfer of the gaseous reactant, hydrogen in this case,
through the f1im to the electrode surface. He also found
that the reactiorn rate dropped off very rapidly above the
"top of the intrinsic meniscus." The observations with tne
oxygen - KOH system show that the reactlon rate remalns appre-
ciable for several millimeters above the "top of the intrinsic
meniscus." In additiom, it is observed that the reaction
extends further up the film for nickel than ror silver.

It 1s also possible that the limiting step can be charge
transfer at the electrode surface. It 1s known that silver
is a better catalyst for the reduction of oxygen than is
nickell4. Thus one would expect that 1f the dependence of
charge transfer "overpotential" on current density were higher
for niclrel than for silver, the reaction would tend to "spread
out" or be distributed over a wider area, thus further up
into the film.

Both the charge transfer and mass transfer overpotential
tend to cause the reaction to spread out farther. It i1s the
resistance drop in the film which 1imits the extention of
the reaction up into the film. From either standpoint, if
the film were thicker, the reaction would tend to extend fur-
ther into the f1lm. Otservations made during the initial

*
stages when the film was draining conflrm this ar~ument.

* Measurem=2nts of {ilm thickness on sllver were not avail-

able at the conclusion of this work.
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1) The existence of a thin film of electrolyte above
the intrinsic menlscus on clean nickel and silver has been
confirmed. The thickness of this fllm 1is established as
being in the order of magnitude of the wave lengtl of visible
light.

2) For the cathodic oxygen elecirode, current density
distribution measurements on cylindrical nickel and silver
electrodes established that a large portion of the current
arises in the thin electrolytic film above the intrinsic
meniscus. The fractlion of current transferred as much as
10-20 mm above the bottom of the intrinsic meniscus 13 not
negligible.

Z) The thicker the film and the smaller the applied
current, the further the current spreads over the electrode
surface covered by the film. At a glven value of applied
current, the reactlon 1s concentrated nearer the 1lntrinsic

meniscus on silver than on nickel surfaces.

After the completion of Egis manuscript, an account of the
work of Yu A. Mazltov et al** has come to the author's atten-
tion. Current distribution along a silver wire in the reduc-
tion of oxygen in 10.6 N gOH was measured by the method
originally used by Wi1l/:®., Although thelr experimental ob-
gservations are in qualltative agreement with the results
presented above, the reader's attention 1is called to the use
of an uninterrupted cathode and the much shorter draining
times (3-4 minutes) reported by Mazitov et al.
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